Recent measurements of the octupole strength to the highest spin states in 240 Pu were performed using sub-barrier Coulomb excitation in order to unambiguously and convincingly demonstrate the existence of the rotational-aligned phonon condensation in this nucleus. The 240 Pu targets were prepared at the Center for Accelerator Target Science by molecular plating onto thin backing foils of C and Al. The required plutonium oxide dissolution, molecular plating methodology, plating results, and in-beam target performance will be discussed.
Introduction
In low-energy nuclear physics, the next generation of accelerators now under construction are being built to perform heavy-ion experiments which will access exotic reaction channels using radioactive beams. However, to some extent, these experiments can also be performed at a variety of the current stable beam facilities by bombarding targets prepared from long-lived radioactive isotopes. Investigations employing actinide targets and using gamma-ray detector arrays can probe high-spin states using Coulomb excitation as well as study nuclear structure of asymmetric shapes which arise from octupole correlations, to name just a few. These experiments require complementary gamma and particle collection capabilities, which in turn, place stringent demands on target thickness and the selection of possible target backing materials where needed. For overall rates, a thicker target material layer would be desirable but this would then be detrimental to particle emission due to energy loss and straggling in the target layer. For this same reason, target backings also need to be thin and carefully chosen so as to avoid interfering reactions from the beam. In the described experiment, the desired target thickness was 400-800 μg/cm 2 and the backings were kept to ≤ 1 mg/cm 2 .
Recent measurements of the octupole strength to the highest spins in 240 Pu were performed using sub-barrier Coulomb excitation to demonstrate the existence of the rotational-aligned phonon condensation in this nucleus [1] . In order to gain insight into the nature of these excitations in 240 Pu, it is important to determine the strength of the E3 transitions connecting the opposite parity levels. Heavy-ion induced sub-barrier Coulomb excitation provides a viable way to directly observe the E3 strength. For the study described here, the spectroscopy of the 240 Pu nuclei required a thin target which allowed the detection of scattered particles with the 4π heavy-ion detector array, CHICO 2 , in coincidence with their γ-ray emissions using GRETINA. This particle-γ coincident method is specially suited for the study of Coulomb excitation. The large area heavy ion detectors are capable of identifying scattered target and beam particles and determining their scattering angles over a large solid angle. To minimize Doppler broadening and to optimize the separation of target and beam particles, thin targets are needed, allowing both of the reaction products to recoil in vacuum. Measuring the time-of-flight and recoil scattering angle can determine the kinematics of the reaction and distinguish between target and projectile nucleus.
Gamma-ray energy tracking in-beam nuclear array (GRETINA)
GRETINA is a gamma-ray detector array built from large crystals of hyper-pure germanium to study the structure nuclei created in heavy-ion reactions by using the concept of gamma-ray energy tracking. In its present form at Argonne, GRETINA consists of 11 quad-crystal modules. Each crystal is highly segmented into 36 electrically isolated elements with four crystals combined into a single cryostat [2] . Within the GRETINA spherical array, the modules surround the target chamber and fit a close pack geometry covering onethird of a sphere. The result is a high-efficiency detector system (~ 10% absolute efficiency at 1.332 MeV) capable of measuring even small gamma-ray branches.
The compact heavy ion counter (CHICO 2 )
The recoil particles are detected using CHICO 2 , a 4π heavyion gas-filled detector array developed and maintained by Lawrence Livermore National Laboratory and Univ. of Rochester [3] . It is upgraded from the earlier version, CHICO, to take full advantage of the capabilities provided by the GRETINA tracking array for the study of quasibinary reactions using stable or exotic beams via Coulomb excitation, single and multi-nucleon transfer reactions, deep inelastic reactions and fission processes. The experiment described here investigated the properties of 240 Pu using sub-barrier Coulomb excitation. The CHICO 2 array provided detection of both beam and target particles and enabled the kinematic reconstruction of the interaction in order to determine the doppler shift of the 240 Pu nuclei. This is necessary for the gamma-ray analysis in coincidence using GRETINA.
Target preparation
Demands are increasing for radioactive targets deployed in experiments at heavy-ion accelerators. A simple and efficient way to prepare these actinide deposits onto metal backings is the technique of molecular plating. For the most part this is a straight forward method when using thick backing foils (i.e. 50 mg/cm 2 gold) and has been previously described [4] . Manufacture and handling of these actinide targets on thin backings (≤ 1 mg/cm 2 ) becomes more difficult. At Argonne, we have successfully plated actinide deposits onto thin Ni, Ti and carbon backings using this technique [3] .
Molecular plating [5] [6] [7] differs from conventional electroplating in that it occurs in a non-aqueous phase, usually an alcohol. Dissolution of the plating material into the alcohol is not always straightforward and may necessitate additional steps. Once in solution the electroplating process is carried out at higher potential, usually several hundred volts DC and typically at low currents (μA). A noble metal anode (Pt or Pd) is used with the electrically conductive target backing acting as the cathode. Once the voltage is applied to the plating cell, the electromotive force carries the dissolved molecular ions in solution towards the cathode where they adhere to the target backing. This is a highly effective and efficient way to prepare deposits of precious actinide material, which may only be available in small quantities or restricted to small quantities due to their high activity. For this work, we employed a custom plating cell based on a design developed by the chemistry group at the University of Mainz to prepare target wheels for use in super-heavy element research [8] . We have modified the design to accept our gamma-ray target frames and further adapted the cathode for use with the CHICO target frame (Fig. 1 ). The deposition aperture in the adapted cell is 3/8″ in diameter, which is sufficiently large for the target to encompass the collimated beam from ATLAS. 
Pu sample dissolution
Plutonium oxide (10 mg; 99.5% 240 Pu enrichment) was obtained from Oak Ridge National Laboratory. The original, as-supplied sample of 240 PuO 2 powder was counted for 1000 s using a calibrated low energy photon spectrometer (LEPS) detector. However, 240 Pu (t 1/2 = 6561 a; 100% α decay) only weakly emits gamma-rays (e.g. 45 keV 0.0447%, 104 keV 0.00714%, and 160 keV 4.02e−4%). For this work, the 45 keV and 160 keV gamma-rays were tracked to determine sample activity. Next, the 240 PuO 2 powder sample was contacted with 1000 μL conc. HNO 3 to dissolve the sample. After several hours with no apparent effect, 4.5 μL conc. HF was added and the sample was left to dissolve overnight. A 200 μL sample of the solution (aliquot A) was transferred into a clean, conical vial and counted. The original powder sample still containing 800 μL of acid was counted as well, heated to 100 °C for roughly 4 h to encourage further dissolution, and then allowed to cool overnight to enable any final dissolution. The liquid (stock solution) was isolated from the powder and transferred into a vial of the same geometry to get a close determination of the activity dissolved. Additionally, the remaining original powder was recounted as a second method to determine the amount of activity in the solution. All samples were counted on the LEPS detector for 7200 s to determine the activity.
240

Pu plating method
An aliquot of the 240 Pu solution was transferred to a Teflon beaker, the sample was dried, and counted on the LEPS detector to determine initial activity. Either an aluminum foil (Goodfellow, Inc.) or a graphene carbon foil (Applied Nanotech, Inc. [9] ) was installed into the plating cell (thicknesses listed in Table 1 ). The cell was washed with 0.1 M HNO 3 followed by isopropanol to ensure the backing and cell were clean for the deposition. The dried 240 Pu sample was dissolved in 50 μL either 0.1 M HNO 3 or deionized water and transferred to a glass beaker with 3 × 1 mL isopropanol washes. The Teflon beaker was counted on the LEPS detector to ensure sample dissolution and transfer. The sample was then transferred to the deposition cell and the glass beaker washed with 2 × 10 mL isobutanol, which was added to the cell. The glass beaker was counted to ensure the bulk sample transferred to the plating cell. The deposition was performed with the target as the cathode and a Pd metal foil as the anode with a controlled voltage set to + 200 to + 600 V DC for 1.5-6 h depending on the deposition conditions. The current was monitored during the deposition. Once the deposition was completed, the liquid was transferred back to the glass beaker and the target was allowed to dry overnight. The target was removed from the cell and examined. Finally, the target was placed face down in a plastic petri dish and counted on the LEPS detector for 7200 s to determine the plated activity.
Results and discussion
240
Pu sample dissolution
The majority of the 240 PuO 2 sample was dissolved by the simple method described. The 240 Pu activity in solution was determined two ways. In the first method, the liquid and remaining powder samples were counted in a similar geometry and the liquid activity directly determined. Based on the 160 keV activity, 78.53% (7.853 mg 240 Pu) was in solution. In the second method, the original powder activity was compared to the remaining powder activity (after drying) with the same geometry. Based on the 160 keV activity, it was determined that 75.72% (7.572 mg 240 Pu) was in solution. This agrees within ~ 3% with the liquid-powder comparison found previously. It was therefore decided to use the more conservative 7.572 mg number for determining the activity in the targets.
240
Pu plating on aluminum and carbon backings
In total, six targets and backing combinations were prepared for use in the experiment (four on aluminum backings and two on graphene). The conditions used for their production are illustrated in Table 1 . For the first foil, 0.1 M HNO 3 was used to dissolve the dried 240 Pu sample for plating. A deposit had adhered to the aluminum backing, however there was some noticeable formation of Al 2 O 3 observed as a dull white layer on the back side of the target backing. This could lead to an issue with target stability, so it was decided to test water for the second foil. The material dissolved well in water and > 98% transfer from the Teflon beaker to the glass beaker was observed as before. Therefore, it was decided to use water for all the remaining foils. In all cases, the dissolution and transfer to the Teflon beaker was fairly quantitative. However, transferring from the glass beaker to the plating cell was only ~ 80% efficient. This may possibly be due to a hydrophilic plutonium compound that sticks to the glass. For targets 4 and 5, the plating solution from producing target 3 was reused due to the sufficient amount of activity still in the solution. It was found the solution was easily reusable for multiple targets. Plating of 240 Pu was successfully performed at several voltages and time periods. In each case with the aluminum backing, the initial current started lower and rose to the given final current ( Table 1 ). After the current was consistent for a time period, it was assumed that the deposition was completed. Interestingly, the current dropped over the time period for the graphene backings. Another interesting difference between the Al-backed and C-backed foils was the color of the deposition (Fig. 2) . The deposition on the aluminum had a yellowish color while the deposition on the carbon was a black-blue color. It is possible different lattice structures were preferentially deposited for each backing based on the lattice structure of the backings; this difference may also play into the observed currents.
Produced 240 Pu target in-beam
Two of the aluminum targets were damaged during production, however only one was completely unusable. For the inbeam experiments, the thick 876 μg/cm 2 target on graphene and the 338 μg/cm 2 target on aluminum were used. Similarly mounted backing foils of graphene and Al were placed as a "sandwich" in front of the targets to provide for recoil-stopping symmetry and also to prevent the sputtering of target material from contaminating the scattering chamber. Targets were irradiated for several days at various beam intensities with beams of up to 718 MeV 136 Xe and up to 1100 MeV 208 Pb, which were provided by the ATLAS accelerator to the GRETINA/CHICO 2 target installation. This was done to emphasize differing and complementary exit channels for the coulomb excitation and map out low to high spin states in the excited 240 Pu nuclei. Due to limitations within the CHICO 2 detector array, beam currents greater than 0.3 pnA were avoided. The targets performed well throughout the run and showed little visual degradation due to beam irradiation.
Conclusions
Recent measurements using sub-barrier Coulomb excitation of the octupole strength in 240 Pu were performed using GRETINA in combination with the CHICO 2 detector. The experiment employed 136 Xe and 208 Pb beams provided by the ATLAS accelerator at Argonne National Laboratory and 240 Pu targets supplied by the Center for Accelerator Target Science. For the preparation of these targets, 10 mg of 240 PuO 2 (isotopic enrichment 99.5%) was obtained from Oak Ridge National Laboratory. The 240 Pu was deposited onto thin backing foils of C and Al by the method of molecular plating with the apparatus slightly modified to accept the CHICO 2 target frame. The target thickness was determined by the amount of 240 Pu activity contained in the targets using gamma spectroscopy.
